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Abstract — ultralow power consumption requirement of low 
throughput applications needs to operate circuits in 
subthreshold region where subthreshold leakage current is used 
as active current for necessary computations. This paper 
investigates the impact of interconnect drivers on digital circuit 
performance in subthreshold region. In particular, we have 
investigates the performance of Si-MOSFET and CNFETs at 
32nm deep submicron technology node. Performance Analysis 
is carried out for different interconnect drivers driving global 
interconnect. We have proposed an optimized CNFET driver 
which gives the significant improvement in delay and PDP over 
conventional CNFET in subthreshold for global and semi-global 
interconnect length. HSPICE device model files generated from 
"Nano CMOS" tool are use for Si-MOSFET to analyze the 
impact of Process and Temperature (P, T) variations on 
robustness of circuit for fair comparison with CNFET. 
Variability of design metric parameters is evaluated by applying 
Gaussian distribution using Monte Carlo simulation run. 

Index Terms — Subthreshold, Ultra -low power, CNFET, Monte- 
Carlo analysis. 

I Introduction 

Minimizing power consumption is a challenging 
task to the researchers for designing digital circuits with ultra 
low power (ULP) digital portable applications. Due to 
aggressive scaling of transistor size according to Moore's 
law, gate leakage, drain substrate junction band to band 
tunneling current and subthreshold current increases 
significantly in super threshold, limiting further scaling down 
of devices for ULP applications. Recently, subthreshold 
operating region is of very much interest to reduce the energy 
up to the ultralow levels. Subthreshold operation of transistor 
can have order of magnitude power saving over super 
threshold circuits [1]. In subthreshold operating region 
leakage current is used as drive current. This small leakage 
current, however limits the maximum performance at which 
the subthreshold circuit can be operated. Since supply voltage 
(V DD ) is less than threshold voltage (Vth), delay increases 
exponentially [1]. Subthreshold circuits operation uses low 
V DD to minimize the energy consumed by digital circuits and 
has thus become popular option for research in ULP. 

As CMOS process scales into the deep submicron 
region, lithography limitation, electro migration and delay 
of copper interconnect has driven the need to find alternative 
interconnect solution [2] . In order to overcome 
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these limitations, the use of the bundles of metallic carbon 
nanotubes (CNT) as interconnect has been proposed as a 
possible replacement for Cu interconnect [3] [4]. 
Electromigration is negligible in Cu interconnect with 
subtheshold circuits because of low current density but higher 
resistance of driver degrades interconnects performances. 
With reported current density of around 10 9 A/cm 2 , CNT 
have larger current carrying capabilities than traditional Cu 
interconnect of the order of 10 3 A/cm 2 . For Nanotube based 
interconnects previous research primarily focused on impact 
of RLC on power dissipation and delay [5] [6]. In this work 
equivalent RLC parameters of the interconnect line are 
extracted from PTM [7] tool for Cu. The equivalent RLC 
parameters of CNT interconnect are extracted using Carbon 
Nanotube Interconnect Analyser (CNIA) [8] with 
interconnect geometry suggested in [9]. 

Performance analysis of different interconnect 
drivers is carried out for CNT and copper wire interconnect 
for different semi-global and global interconnect lengths. 
For fair comparison between MOSFET and Carbon Nano 
Tube Field Effect Transistors (CNFET) drivers same V is 
selected. For simulation purpose, we have used PTM model 
parameter of Si-MOSFET at 32nm technology node [7] . High 
performance Stanford CNFET device model files which 
successfully accounts for CNFET practical non-idealities, 
such as scattering, effects of the source/drain extension 
region, and inter-CNT charge screening effects [6] are used 
for CNFET simulation. 

The rest of the paper is organized as follows. In 
section II, basic structure of CNFET is explores. In section 
III, CMOS and CNFET device performance analysis carried 
out to obtain optimal parameter for CNFET to achieve higher 
drive current. Section IV compares the interconnect drivers 
performances for Cu and CNT interconnects. In section V, 
variability analysis of CMOS and CNFET based 
interconnects resource is carried out using sufficient Monte 
Carlo simulation run and Section VI draws the conclusion 
from this paper. 

H BASIC STRUCTURE OF CNFET 

CNFETs is one of the most promising devices among 
emerging technologies. Most of the fundamental limitations 
for traditional MOSFETs are mitigated in CNFETs. Research 
community actively investigates CNFET as promising device 
for integrated circuit technology at the end or beyond the 
ITRS roadmap [2]. The CNFET offers many potential 
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Figure 1. Basic structure of CNFET 

advantages with respect to MOSFET due to improvement in 
CV/I of intrinsic CNFETvifh (19, 0). CNFETs show 13xCV/ 
I improvement over NMOS in superthreshold region at 32nm 
technology node due to near ballistic CNT transport [6]. These 
advantage leads us to investigate the CNFET performance 
in subthreshold region also. 

The single wall carbon nanotubes (SWCNTs) is one 
dimensional conductor obtained by sheets of grapheme rolled 
in the forms of tubes, depending on the chirality's, the single 
walled CNTs can be either metallic or semi conducting 
[10][11]. CNFET is obtained by replacing the channel of a 
conventional MOSFET by a number of carbon nanotubes, 
as shown in Fig. 1 . As shown in Fig. 1 CNTs are placed on 
the bulk substrate (k2), a high (kl) dielectric separates the 
CNTs from metal gate electrode by an insulator thickness 
Tox=4nm with dielectric constant of 16. The diameter of 
CNT is given by the (1), 
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Where (m, n) are chirality number of CNT, 'a' is Lattice 

constant (a=2.49e-10). SWCNTs can be grouped as either 

metallic nanotubes if m-n is an integer multiple of 3 or 

semiconducting nanotubes if m-n is not an integer 

multiple of 3 

Threshold voltage of CNFET given by (2) [12], 
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Where V n = 3.03 q is the carbon PI-PI bond energy. 

In this work, chirality numbers (m, n)= 13,0 is used for lnm 

CNT diameter which gives V . near to V . of MOSFET at 

° th th 

32nm technology node. Drive current in CNFET is function 
number of CNTs per device (n), device transconductance 
g ET , V DD , Chirality vectors and hence CNT diameter and 
voltage drop across the doped CNT source region (V ss ). 
g ET , decreases with increasing the inter CNT pitch where 
as V^ is constant for given diameter. Delay of CNFET given 
by, [13]. 
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The switching energy of CNFET is proportional to 
capacitance of CNFET and given by, [13] 

Energy CNFETn a C CNFET , n v DD 2 (4) 

Where, C CNFE x n is capacitance of CNFET gate and is 



approximately equal to its gate capacitance (C 



„)• 



Gate capacitance of CNFET with n number of tubes is 
given by is given by, 
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Where, W g CNT is width of CNFET and L o CNT is the length of 
the gate. C __,. is almost constant for n. [13]. 

Total gate capacitance is proportion to number of CNTs in 
channel, length of channel and pitch. It is necessary to use 
optimum value of number of tubes and pitch to increase the 
drive current as well as to keep the capacitance within 
acceptable limit. 

m.CMOS AND CNFET INVERTER ANALYSIS IN 
SUBTHRESHOLD REGION 

A. Subthreshold leakage Current 

For very long wire, interconnect delay would be so 
long that it can be dominate the gate delay. In ICs, a global 
wire tends to be very long since they must be distributed all 
over the chip. These wires are associated with clocks, busses, 
and other major signals in the design. Since delay for long 
wire is quadratic with respect to interconnect length (L), the 
standard solution is to insert repeaters or buffer periodically 
along the wire. As drive current in subthreshold circuit is 
leakage current due to diffusion, therefore delay penalty is 
very high which degrades the circuit performance in 
subthreshold regime. To overcome this problems driver with 
better delay response needed to be design. 
Unlike conventional CMOS in which the drain current I DS is 
dominated by transport of carrier due to drift, diffusion 
current dominates in subthreshold operation. Transistors are 
operated in subthreshold region by keeping V DD less than 
the V and leakage current flowing through the device is 
used as drive current for ultra low power applications. 
Subthreshold current is exponentially dependant on gate to 
source voltage (V™) because channel of transistor is not 
inverted. Subthreshold current is given by (5), 
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Where I is the drain current when V =0V[14]. 
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Where V . is transistor threshold voltage, n is subthreshold 
slop factor (n=l+C d /C ox ), V T is the thermal voltage, r| is 
DIBL coefficient. 

B. CNFET optimisation for subthreshold region 

Since subthreshold leakage current in Si-MOSFET is 
exponential function of supply voltage resistance of device 
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also increases exponentially in subthreshold region. In 
subthreshold domain this increase in resistance dominates 
the interconnect resistance as shown in Fig. 2. Therefore it is 
necessary to examine the scope of alternative device in 
subthreshold interconnect resources applications. In this 
section we compared the performance of CNFET as 
interconnect driver with Si-MOSFET in subthreshold region 
for global interconnect length from 200im to lOOOim and for 
semi-global interconnect length ranging from lOOim to500im 
with Cu and MWCNT as interconnects. 

Since device technology parameters designed for 
superthreshold region may not give the optimum 
performance in subthreshold region. Hence it is necessary 
to evaluate the performance of CNFET for different device 
parameters in subthreshold region to optimize these device 
parameters for better performance. Fig. 3 shows Ids as 
function of V DD at various gate oxide thicknesses. It is found 
that current increases exponentially up to 200mV and then 
saturated, at T ox =2nm drive current shows 36% improvement 
over T ox =4nm due higher gate control over channel. Fig. 4 
shows I-V characteristics of CNFET at various inter CNT 
pitch and it is observe that varying pitch above 20nm does 
not show any significant advantage in Ids. Analysis from 
Fig. 3 is verified by measuring delay of F04 at T ox =2nm 
and T ox =4nm, pitch=20nm as shown in Fig. 5. 
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Figure 2. Driver resistance and interconnect resistance as function of 
supply voltage and interconnect length respectively 
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Figure 3. Drive current as function of supply voltage 
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Figure 4. Drive current as function of supply voltage for various CNT 
pitch 
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Figure 5. Delay as function CNT Pitch 
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Figure 6. Drive current as a function of supply voltage 

A delay improvement of 67.5% is seen for T ox =2. Since 
as T ox reduces the charge distribution become tighter and 
the charge tends to accumulate just over the CNT channel, 
increasing drive current [15]. Conventional N-CNFET key 
parameters areTox=4nm, Kox=16, pitch=20nm, [12]. 
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Figure 7. 
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Figure 8. PDPas function of supply voltage 

To optimize CNFET (Opt-.CNFET) the selected 
parameters are Tox=2nm from Fig. 3, pitch=20nm, number 
of CNT tubes=10. Fig. 6 shows I-V characteristics 
comparison for NMOS, conventional NCNFET and 
Opt. CNFET. From simulated graph it is seen that Opt. 
NCNFET device is having better I-V characteristics over 
Conventional NCNFET and NMOS device. For noise margin 
comparison between CNFET and CMOS device we have 
simulate the device for voltage transfer characteristics. Fig. 
7 shows voltage transfer characteristics (VTC) of minimum 
size Si-MOSFET and CNFET. For CNFET VTC curve is 
symmetric and switching threshold is at V DD /2 (200mv) and 
173mV for SI-MOSFET which degrades the SNM of Si- 
MOSFET in subthreshold. CNFET is having steeper curves 
in transition region. This contributes to improvement in SNM 
over Si-MOSFET. 

To evaluate the performance comparisons between 
CMOS, CNFET and Opt. CNFET devices at circuit level, 
F04 is use as a test bench for design metric comparison. 
Fig. 8 shows the Power Delay Product (PDP) as function of 
V DD . From Fig. 8 it is clear that Opt. CNFET shows 
improvement in PDP over conventional CNFET and CMOS 
due to improvement in delay. 

IVPERFORMANCE ANALYSIS OF INTERCONNECT 
DRIVERS FOR CU AND CNT 

In any circuit or chip, the individual gates need to 
be connected. While it is possible to use metals as in 
conventional circuits to make interconnects, the use of 
metallic carbon nanotubes would be much more desirable 
due to better electrical properties. The ballistic transport of 
the metallic nanotubes provides significantly lower resistance 
in interconnect as compared to Cu. Fig. 9 show the test bench 
used for interconnect simulation with F04 load .The 
interconnect considered for simulation is global and semi- 
global Cu and CNT. Fig. 10 and Fig. 1 1 shows the delay and 
PDP performances of CMOS, CNFET and opt. CNFET based 
drivers for global Cu interconnect; similarly Fig. 12 and Fig. 
13 shows performances for MWCNT global interconnect 
length from 200|jm to 1000|jm. 
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Figure^ Simple inverter driven interconnect test bench. 
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Figure 10. Delay as function of global Cu-interconnect length 
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Figure 1 1 . PDP as function of global Cu interconnect length 
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Figure 12. Delay as function of global MWCNT interconnects length. 
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Figure 13. PDP as function of global MWCNT interconnect length 
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Figure 14. Delay and PDP as function of semi global Cu-interconnect 

length 
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Figure 15. Delay and PDP as function of semi global MWCNT 
interconnect length 



It is observed from these figures that CNFET based 
driver shows the 42% and 46% improvement in delay and 
PDP over Si-MOSFET based drivers at lOOOum interconnect 
length. Optimizing the CNFET parameters shows 52% and 
63% performance improvement in delay and PDP over the 
SI-MOSFET based interconnect resource. 

It is also observed from Fig. 10 to Fig. 15 that, 
replacing the Cu interconnect by MWCNT interconnect does 
not provide any significant advantage in delay as well as 
PDP due to higher driver resistance of Si-MOSFET in 
subthreshold region as shown in Fig. 2. 

Fig. 14 and Fig. 15 shows the delay and PDP 
performances of semi-global interconnect of length 100 um 
to 500 um. CNFET and Opt.CNFET drivers shows significant 
improvement in delay and PDP over Si-MOSFET based 
interconnect drivers. 

V.VARIABILITY ANALYSIS 

Random variation in process parameters, V DD and 
temperature (PVT) are posing a major design challenges for 
subthreshold circuit design. It is important to investigate the 
performance variability for the optimal device. There are a 
variety of device parameter variations and imperfection 
caused by today's CNT synthesis/fabrication technique,(l) 
CNT diameter and chirality control , (2)Doping level 
control, (3) The probability of a CNT to be metallic [12]. 

Test bench used for interconnect simulation is 
shown in Fig. 9 for the analysis of process and temperature 
variation on circuit performance. Table I shows the device 
variable parameters and process variation assumption for the 
variability analysis. A 13% random variation is given to the 
CNT diameter so that it will reflect 10% random variation in 
V„. Si-MOSFET HSPICE model files are generated from 

th ° 

specific tool called "Nano CMOS" 32nm technology for 

equal V for fair variability comparison with CNFET at 

(13,0) chirality vector.. Ratio of mean (u) and standard 

deviation (o) for delay and PDP is calculated by Monte Carlo 

simulation for 50 runs per simulation. CNT diameter affects 

not only the CNT source and drain resistance, but also the 

conductivity of the channel [16]. 

T QX variation also affects the drive current of CNFET. 

Table 2 and Table 3 give variability coefficient (dispersion) 

(o7 p.) for PDP and delay respectively. As shown in tables 

below, it has been found that CNFET (T ox =4nm) have 

superior robustness against process and temperature 

variations. 
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TABLE I. PROCESS ASSUMPTION 



Variable parameters for CNFET 


CNT Diameter 


13% random 


Tox 


10% random 


Temperature 


20% uniform 


Channel length 


10% random 


Variable parameters for CMOS 


Threshold Voltage 


10% random 


Temperature 


20 % uniform 


Channel length 


10% random 



TABLE II. VARIABILITY COEFFICIENT OF PDP 



Variability 

coefficient 


PDP(o7 p.) 


Topology 


CMOS 


CNFET 


Opt. 

CNFET 


400mV 


0.57 


2e-3 


8.53e-3 


350mV 


0.38 


0.93e-3 


0.97e-4 


300mV 


0.75 


1.53e-3 


3.2e-3 



TABLEII I. VARIABILITY COEFFICIENT OF DELAY 



Variability 

ccoefficient 


Delay (o/ p.) 


Topology 


CMOS 


CNFET 


O^tCNFET 


400mv 


0.71 


2.2e-3 


4.99e-3 


350mV 


0.65 


0.38e-3 


1.23e-3 


300mV 


1.16 


1.3e-3 


4.3e-3 



VI. CONCLUSION 

Interconnect drivers are successfully analyzed using 
CMOS and CNFET devices at deep submicron technology 
node. We have explored optimized CNFET in subthreshold 
interconnect applications. It is observed that CMOS devices 
are more prone to variation than CNFET. CNFET driver 
driving lOOOum cu-interconnect show 42% and 46% delay 
and PDP improvement at lOOOum over Si-MOSFET based 
buffers. Optimizing the CNFET parameters shows 52% and 
63% performance improvement in delay and PDP over the 
Si-MOSFET based interconnect resource. 

The robustness of the drivers against process and 
temperature variation has also investigated. From variability 
point of view, for Si-MOSFET there is tremendous impact 
of process variation for subthreshold operation due to 
exponential dependence of current on the threshold voltage, 
where as in CNFET threshold voltage is inversely 
proportional to diameter of CNT. Optimized CNFET shows 
more variation than conventional CNFET. 



Reducing the variability problems in optimized CNFET 
drivers will further allow to reduce the supply voltage for 
ultra low energy applications 
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